al., 2001). Rix1 is an essential nucleoplasmic protein associated with late pre-60S ribosomes. The rix1-1 musubunits during their path from the nucleolus to the cytoplasm. Here, we present the structure of a pre-60S tant showed no clear pre-rRNA processing defect, but accumulated a large subunit reporter Rpl25-GFP throughribosomal intermediate located in the nucleoplasm. A huge dynein-related AAA-type ATPase (Rea1) and the out the nucleoplasm at the restrictive temperature, indicating a relatively late block in the export pathway. Rix1 complex (Rix1-Ipi1-Ipi3) are components of an extended ‫54ف(‬ nm long) pre-60S particle. Antibody crossTandem affinity purification (TAP) of Rix1 revealed its association with three uncharacterized ORFs, Yhr085w linking in combination with electron microscopy revealed that the Rea1 localizes to the "tail" region and (Ipi1), Ynl182c (Ipi3), and Rea1, which at 560 kDa is the largest protein identified in the yeast genome (Nissan ribosomal proteins to the "head" region of the elongated "tadpole-like" structure. In this study we report the EM structure of the Rix1-containing pre-60S particle, which is predominantly ascessome on the nascent 35S pre-rRNA (Dragon et al., 2002). As a result of these complicated assembly steps, sociated with Rea1 and the Rix1 complex (Rix1-Ipi1-Ipi3). EM images reveal a striking elongated structure a 90S pre-ribosomal particle is first formed that contains predominantly small subunit ribosomal proteins and with a tadpole-like morphology. We demonstrate the ATP-dependent release of Rea1 along with the Nug2 ‫53ف‬ non-ribosomal factors, including many U3 snoRNP components and factors required for 18S rRNA syntheGTPase from the pre-ribosomal particle. Rea1 and the Rix1 complex may play an essential role in ATP-depensis. Thus, 90S pre-ribosomes are generated through the early binding of pre-40S factors onto the 35S pre-rRNA dent maturation and nuclear export of nascent 60S subunits from the nucleoplasm to the cytoplasm. Figure 1B, lane 2) . Moreover, the amount of Nug2 protein was also considerably reduced. (Figure 2A ). Most particles exhibited a tadpole-like structure, with an overall length of 48.2 Ϯ 5.5 nm. These data show that in vitro ATP, but not a non-hydrolyzable ATP analog, ADP or GTP, can mediate dissociaCrosscorrelation and multivariate statistical analysis was performed for the Rix1 particles, yielding three mation of Rea1 and other proteins from the pre-60S subunits.
teins that transiently associate with pre-60S and prebands, other common bands were also significantly present in the Rix1, Ipi1, and Ipi3-TAP preparations, 40S particles during ribosome biogenesis (for review see Tschochner and Hurt, 2003) . The pre-ribosomal particle including Sda1 (particularly enriched in the Ipi3-TAP), Nog1, and Nug2 ( Figure 1A ). However, these factors that copurifies with the nucleoplasmic Rix1 bait was a late intermediate in 60S biogenesis (Nissan et al., 2002).
were also found in other TAP purifications of pre-60S particles (Nissan et al., 2002). Taken together, biochemiThe particle was highly enriched for three non-ribosomal proteins Rea1/Mdn1 (a putative AAA-type ATPase), Ipi1, cal analyses defined a cluster of common non-ribosomal proteins, Rix1, Ipi1, Ipi3, and Rea1, which are specifically and Ipi3, which are largely absent from other previously characterized pre-ribosomes (Nissan et al., 2002). enriched in a late nucleoplasmic pre-60S particle. Based on their association with pre-export nascent 60S riboTo investigate in more detail the interactions of these non-ribosomal proteins within the Rix1 particle, we exsomes, Rix1, Ipi1, Ipi3, and Rea1 could function in late nucleoplasmic maturation of pre-60S subunits (see also pressed chromosomally TAP-tagged Rix1, Ipi1, and Figure 1B, lane 2) . Moreover, the amount of Nug2 protein was also considerably reduced.
( Figure 2A ). Most particles exhibited a tadpole-like structure, with an overall length of 48.2 Ϯ 5.5 nm. These data show that in vitro ATP, but not a non-hydrolyzable ATP analog, ADP or GTP, can mediate dissociaCrosscorrelation and multivariate statistical analysis was performed for the Rix1 particles, yielding three mation of Rea1 and other proteins from the pre-60S subunits.
jor classes (Figures 2B-2G ). Most abundant was the class 1 ‫%05ف(‬ from all selected particles), which exhibThe finding that it is possible to isolate pre-ribosomal particles in a biochemically stable form promoted us to its the typical tadpole-like structure. The final average of this class shows flexibility and a non-uniform length investigate whether we could determine the structure of these intermediates by electron microscopy (EM). In of the tail domain. The second class ‫)%31ف(‬ is similar to class I particles, except that it exhibits a shorter tail. differ markedly from mature 60S subunits, presumably due to the additional presence of Rea1 and the Rix1 Class 3 particles ‫)%73ف(‬ exhibit only the head and lack complex. the tail domain structure (15.0 Ϯ 1.8 nm in diameter).
To our knowledge this is the first pre-ribosomal partiMultivariate statistical analysis was also performed for cle whose structure has been examined by electron miisolated 60S subunits, which were separated into two croscopy. The structure resembles a tadpole or sperm, different classes with the typical overall structure (20.4 Ϯ with a globular head domain ‫51ف(‬ nm in diameter) and 2.7 nm in diameter). The particles could be classified a highly elongated tail domain ‫03-52ف(‬ nm in length). into two major classes, with class 1 (Figures 2H and 2I) This structure is suggestive that the head domain is the representing ‫%74ف‬ and class 2 (Figures 2J and 2K) 60S moiety and the tail contains the Rea1 ATPase. To representing ‫%54ف‬ of all particles. Notably, class 2 paraddress this issue, we performed immunoelectron miticles exhibit most clearly the well-known structure of croscopy. Formation of dimers, which were induced by the 60S subunit. Thus, electron microscopy of negatively crosslinking antibodies, indicated that the N terminus stained pre-60S ribosomes revealed a structure that sigof Rea1 is localized to the tail. We assume that also the nificantly differs from mature 60S subunits.
Rix1 complex as well as additional factors (e.g., Nug2, To address the issue of specific location of Rea1 and Nog1; see below) are part of the tail. In contrast, riboribosomal proteins within Rix1 pre-ribosome structure, somal proteins Rpl3 and Rpl10 are present in the head we performed immunoelectron microscopy. To crossdomain, indicating that this is the 60S moiety. The dilink Rea1 molecules between two adjacent tadpole-like mensions of the 60S region appear to be less than the particles, we have purified Rix1-TAP that contained full size of a mature 60S subunit. Suggestively, this could N-terminal HA-tagged Rea1 and incubated with antibe the result of a different conformation than the mature HA antibodies. Western blot analysis revealed that this 60S subunit because of structural rearrangement before antibody was specifically bound to the Rix1 particle that export through the NPC. Alternately, it may lack some contains HA-Rea1, but not to a control Rix1 particle with of the ribosomal proteins present in the mature subunit. untagged Rea1 (see Supplemental Figure S1 Figures 3B and 3C) . Thus, specific Rea1 also consists of an amino-terminal domain with dimer formation between the tail domains is observed, six AAA-type protomers, followed by a long middle dowhen the antibodies against HA-Rea1 were used and main and a short C-terminal MIDAS domain (Garbarino head-to-head dimerization in the case of anti-L3 and and Gibbons, 2002). The MIDAS domain is known to be L10 antibodies. These data suggest that Rea1 localizes a protein-protein interaction motif. Thus, it is possible to the "tail" region and ribosomal proteins to the "head" that Rea1 forms a globular head domain with the six region of the tadpole-like Rix1 particle.
AAA protomers arranged in a hexameric ring fashion, from which a long stalk emerges (formed by the middle Discussion domain) that terminates in the C-terminal MIDAS interaction domain. If Rea1 performs a function related to dyMore than 150 non-ribosomal factors have been renein, it could be involved in intranuclear movement or ported to be transiently associated with the developing export of pre-60S particles from the nucleoplasm to the pre-ribosomes during their path from the nucleolus to cytoplasm. However, the putative tracks upon which the cytoplasm. In this study, we have analyzed a late Rea1 might move are not known. precursor to the 60S subunit, which represents a nucleoRea1 could also have a role in remodeling the nascent plasmic intermediate on its way from the nucleolus to pre-60S subunit prior to nuclear export. nuclear export adaptor Nmd3 is not significantly present in the Rix1 particle, but associates only with a subse-
